Introduction
The integrated transport system of Ukraine includes public transport, along with city electric transport. It carries out an important social function of passenger transportation.
Improvement of transport services for population relates to the efficient work of city electric transport. It depends on capabilities and quality of individual units and rolling stock aggregates. In addition, power supply and traffic control systems play an important role.
An important technical and economic indicator of quality for each technical system of electric transport or product is the concept of reliability, which characterizes a level of operational conditions of main elements and characteristics of traction electric motors (TEM).
One of the main criteria for the reliability of traction electric motors is a no-failure operation.
The experience of operation of a rolling stock of city electric transport shows that a significant number of its failures occurs due to technical damage of electrical equipment. A share of failures of traction electric motors makes up about 20 %. This leads to a halt of the functioning of rolling stock, as well as the violation of traffic schedules, deterioration of the quality of passenger service. The combination of failures in the operation of such electric machines leads to significant material losses at enterprises of electric vehicles [1, 2] .
A number of factors determine reliability and efficiency of traction electric motors and electric drives in general [3] :
-technical condition of rolling stock; -level of personnel training of an electric transport company (drivers, repairmen, etc.); -climatic conditions, etc. Thus, consequences of failures in the operation of a rolling stock increase the relevance of this direction. This contributes to the need for the development of further technical solutions and related activities on a scientific basis.
Therefore, an increase in the operational reliability of traction electric motors of rolling stock of electric transport, organization of control of parameters in the process of operation is a relevant issue.
Literature review and problem statement
Various physical processes occur during the operation of a traction electric motor. They lead, ultimately, to the following negative consequences [4] :
-degradation of parameters for a number of TEM elements;
-loss of efficiency of a traction electric motor; -presence of voltage on a TEM body, which is dangerous for passengers and maintenance staff; -growth of wear of separate elements of TEM; -increase in TEM vibrations with negative influence on a comfort of a trip and reliability of other elements of rolling stock.
In addition, it is known that the main part of failures, which occur due to increased vibration and preventive technical influences, falls on the collector brush assembly of TEM, as well as bearings, insulation of armature windings and poles.
The emergence of such undesirable consequences leads to dismantling of traction electric motors, which causes material costs for a transport company.
Thus, ensuring the reliability of traction electric motors to overcome negative consequences is a relevant problem. Effective achievements of studies solve similar problems in the modern world. This contributes to increase in the reliability of TEM and rolling stock as a whole.
Various methods help to diagnose some parameters and characteristics in the directions of studies on parameters of electric motors. For example, paper [5] presents a method for evaluation of electrical parameters of engines and a rotor flow. This method is based on the approach of a model reference adaptive system and can only be used for asynchronous motors. The specificity of the operation of traction engines and a change in their parameters in real time makes not possible to use this research method.
Paper [6] also shows the study of parameters of asynchronous motors and uses a method for estimation of the speed and rotation angle of a rotor. Analysis of the article also shows that this method of parameters study is not universal.
Authors of work [7] use a method of monitoring of a condition of electric machines and changes in parameters during their operation. The disadvantage of this method is that it diagnoses only some of parameters associated with engine start up processes. There is no information about studies and diagnostics of parameters of failures of engines during their operation.
Paper [8] shows a method of estimation of parameters of asynchronous motors in real time [8] . This method can be used for drives that use an automatic setting of required parameters in a wide range of loads. But the use of such a method to evaluate parameters and to increase the reliability of traction electric motors is impossible, because it does not take into account a number of failures or their probability during operation.
Results of analytical and experimental studies determined structural schemes of a traction electric motor and a functional relationship between parameters of motor elements at loading in papers [9, 10] . In addition, it was substantiated that statistical data, as well as analytical methods, do not give a complete evaluation of the operational reliability of traction electric motors. Therefore, we need methods of mathematical modeling with the evaluation of reliability levels.
Paper [11] considers a method of determination of damage in electric machines and diagnosis of failures. This method is popular and effective, but for asynchronous motors only. A paper does not reveal results of studies on parameters of reliability of traction electric motors and diagnosis of damages of their elements.
Thus, analysis of the shown works proves that the improvement of methods for evaluation of the reliability and failures in operation of traction electric motors is relevant. Problems of reduce in failures of traction electric motors practically have not been solved up to now.
Authors of some works attempt to solve certain issues of increasing the reliability of traction electric motors by using physical-statistical methods for estimation of TEM parameters.
For example, papers [12] [13] [14] [15] present diagnostics and research of characteristics of electric machines. Papers [16] [17] [18] show directions of resource saving on transport. Works [19, 20] present studies on parameters of reliability and efficiency of traction electric motors.
However, it is almost impossible to fix parameters of failures of parts and units under conditions of operation of a traction electric motor. Because a load mode and parameters of strength of elements change in time. Thus, there is no practical implementation of the task of registering modes and parameters at load at the moment of failure.
External and internal factors influence elements of TEM during operation. The influence leads to an increase in the intensity of wear of components and units, which changes characteristics of TEM and durability of its elements. Therefore, an important step is to establish the influence of physical factors and laws of physics of failures.
Operating conditions determine stability of TEM characteristics. In addition, a TEM element base has a significant number of different types of structural joints between parts. Parts form units, their quality is determined by conditions and technology of manufacturing. Therefore, it is necessary to use other ways and to take into account the specified requirements.
Also, we should remember that TEM rolling stock operates under different conditions, that is why well-known study methods give ambiguous estimate of failure parameters, estimation has a systematic error.
Reliability testing and evaluation of TEM elements do not include non-damaged components and units. It also produces a systematic error in study results.
Thus, analysis of literary data showed that literary sources consider general questions of the research on characteristics of electric machines, reliability parameters and efficiency of traction electric motors. But they are not studied enough and require a more detailed study on links between systems for diagnostics of rolling stock and processing of information.
Therefore, there is a need to find new ways to increase the reliability of TEM elements in operation and to improve research methods taking into account physical factors, a system of control of a technical state of rolling stock, external and internal influences, etc. We must base such a need on the consideration of structural and functional properties, as well as on links between TEM elements and characteristics of each rolling unit at load during operation.
The aim and objectives of the study
The aim of present study is to improve a diagnostic system of operating parameters of traction electric motors of the rolling stock of electric transport during operation. This will make it possible to increase the operational reliability of traction electric motors.
The following tasks were set to achieve the objective: -analysis of operation conditions of traction electric motors, evaluation of the reliability and determination of ways to increase the reliability; -establishment of regularities of change of parameters of elements of traction electric motors during operation; -development of a mathematical model for evaluation of the reliability of traction electric motor elements and getting the results of calculation of required parameters.
Methods of study of indicators of reliability of elements of traction electric motors during operation
A procedure of control of a technical state of parameters of traction electric motors during operation is a base for solution of the scientific problem. The following methods [3, 21] are used in this case:
-statistics and probability theory for the analysis of the operation characteristics of traction electric motors; -mathematical modeling for the development of mathematical models for evaluation of the reliability of elements of traction electric motors.
Such study methods include collection and analysis of statistical information on failures of traction electric motors, further processing in order to obtain adequate models of reliability.
A step-by-step study of parameters of traction electric motors showed that a mathematical expectation and a mean square deviation of elements of traction electric motors (for example, collector plates and electric board) change in its run time function almost linearly.
We use the following main indicators within the given work [3, 21] for the quantitative evaluation of characteristics of the reliability of elements of traction electric motors, taking into account the statistical data: -probability of P (l) no-failure operation of traction electric motors; -parameter of a failure flow ω(l); -failure rate λ (l); -average time before failures T av .
Output parameters for studies and calculation of indicators of reliability of elements of traction electric motors are the statistical data given in Table 1 . Table 1 Output data for calculation of the reliability of elements of traction electric motors
No. The statistical information given in Table 1 is part of technical and economic indicators of work of the enterprise "Trolleybus Depot No. 3", Kharkiv (Ukraine). It was collected over 10 years in the period from 2007 to 2016. This information is sufficient for the quantitative evaluation of the reliability of elements of traction electric motors.
Results of the study of indicators of the reliability of elements of traction electric motors during operation
Reliability is a complex property. It may include: no-failure (probability of no-failure operation, average running time before failure, parameter of failure flow, failure rate), durability (average resource), reparability (probability of a restoration of an operation condition, an average recovery time of an operation state), preservation (average preservation time), or certain combinations of mentioned properties in dependence on the purpose of an object and conditions of its application [3, 21] .
There are two groups of reliability indicators. They characterize non-recoverable (winding of a rotor and stator, brushes and bearings) and recoverable (collector-brush assembly, start-up equipment) objects. Quantitative characteristics for non-recoverable objects are probability of no-failure operation, frequency of failures, failure rate, average running time before a first failure. Quantitative characteristics of recoverable objects include a parameter of failure flow for running time to a failure. Fig. 1 presents the classification of methods for reliability evaluation.
The mentioned classification identifies the main methods used in practice for control of the reliability parameters of traction electric motors. They are: accelerated tests, statistical forecasting (planning of the experiment).
Unlike electric motors of general purpose, traction motors operate in a variety of modes (short-term, re-short-term with frequent start-ups), which are accompanied by a wide change in rotor speed and current load (for example, it can be twice as large as the nominal during a start-up), and are not protected from weather changes. Relating to this, there is a need to develop and implement various methods, techniques, technologies, and diagnostic tools in technological processes of repair. The aim of them is to increase the reliability of traction electric motors and to increase a resource. Table 2 gives actual indicators of the reliability of traction electric motors of city electric transport.
We carried out calculations of indicators of the reliability of elements of traction electric motors on the example of electric machines of DK-210 type.
According to statistical data, taking into account a number of failures, the probability P(l):
where N is the number of traction electric motors in the estimated aggregate; r (l) is the number of initial failures before the moment of running time l. The parameter of failure flow w(l) characterizes a change in the faultiness of traction motors. It is determined by the ratio of a number of all failures of objects of the considered aggregate Δl to a number of objects in the estimated aggregate and a value of the running time interval [3, 21] :
where Δr i is the number of failures over considered interval of running time.
The failure rate λ (l) characterizes the reliability of elements at each given moment of time and is determined by:
where P і is the probability of no-failure operation of the i-th traction electric motor. The average running time of no-failure operation T av is the mathematical expectation of the operation time of TEM and we define it as: 1 ,
where l i is the running time of proper operation of the i-th traction electric motor. Table 3 gives results of statistical evaluation of operational reliability. Fig. 2 shows results of the study of TEM parameters that have passed the repair stage in dependence on the run time in the form of a histogram.
An analysis of the histogram shows that 20 % of TEM that are out of order falls on the first period of operation -running time. This indicates the imperfection of the technology of elements or the low quality of repairs and imperfections of the previous TEM testing methods by heating. Such tests determine a change in the main parameters of TEM in case of occurrence of a short circuit and, consequently, an increase in the current, which affects the quality of the insulation of armature windings at intense heating. Fig. 2, 3 show dependence of probability of no-failure operation of TEM and failure rate. Repairs restore the resource of TEM elements and the reliability of operation increases. The reliability depends on the quality of repairs and conditions of post-repair operation. But sometimes conditions of operation of TEM do not meet the specified technical requirements and, as a rule, are practically not adjusted after the repair of the latter, which leads to an increase in failure rates.
Numerous studies [12] [13] [14] [15] showed that improvement of the quality of after-repair tests is one of the ways to improve the reliability of TEM. Increasing the quality of TEM testing, in this case, is to increase the accuracy and sufficient amount of information about the studied object by the use of methods for evaluation of reliability parameters. This will increase the reliability of TEM and reduce the energy and resource costs associated with failures and repairs. In addition, it is possible to use analytical methods for determination of the reliability of technical systems that have complex internal structures and functional relationships in some cases. This makes possible to create necessary modelling methods that involve assumptions, as well as remove restrictions and accepted conditions.
For example, the aging of insulation determines a service life of an electric part of a motor in dependence on a temperature [11, 20, 22] 
where t 0 is a service life at nominal temperature for a given insulation class; Δt -parameters, which characterize a given class of isolation; β is excess of the maximum permissible temperature.
In this case, we can determine the parameter of a rate of sudden and parametric failures. However a use of expression (5) does not give possibility to consider structural features of TEM rolling stock and the unevenness of heating of TEM elements. This leads to an increase in errors that can reach significant values.
Taking into account many requirements, a mathematical model for evaluation of the reliability with a use of combined calculation methods is developed [2, 12, 17] .
The lack of probabilistic-statistical data on the nature of connection failures of elements complicates the evaluation of reliability parameters of a system as a whole.
It is necessary to keep to established geometric parameters between units and parts according to technical conditions for manufacturing and operation. A deviation of these parameters affects a commutation, operation of a magnetic system, bearing units and isolation significantly and leads to severe types of failures, which require factory repair.
All of the above conditions require careful study, because non-compliance and absence of laws of formation causes severe types of failures in the operation of transport [13, 14, 18] .
Analysis of statistical data failures shows that the nature of the occurrence of failures and consequences depends on the complexity of a structure, functional relations of parameters of traction electric motors and the diversity of influences of operational factors. Therefore, we restrict ourselves to the postulates of the basic laws of distribution density of reliability of parameters of elements included to the structural scheme and their evaluation [2, 22] .
We can form a data bank that will characterize probabilistic and statistical properties of system elements on this basis. Thus, if we have the distribution density of failures of elements and evaluation, we can determine rational levels of reliability parameters for a system by varying parameters of a model obtained on the basis of the structural scheme.
We can express the probability of no-failure operation of details of a traction electric motor, due to the existing spread of parameters of a load and strength of elements, by such dependence [2, 22] : 
The combination of normal and truncated-normal distribution laws is presented as: 
It is also possible to combine parameters of elements with exponential and truncated-normal distribution density. Then the probability of no-failure operation is:
Having such analytical dependencies, it is possible, to establish the most rational relationships that meet necessary requirements by a way of enumeration of possibilities.
In connection with this, a problem of a more profound study of probabilistic and statistical properties of failures of elements of a system arises. It will be possible to obtain the evaluation of the reliability of a system at rational selection of parameters of the elements reliability based on probabilistic and statistical properties of failures of elements of a system.
Statistical information on the failure of system elements accumulates during the operation of a traction electric motor. On the basis of operational observation data on the operation of system elements and the nature of a load, we can assume that the probability of no-failure operation, in the general case, will be equal to the product of two functions.
We accepted this condition taking into account the independence of sudden failures. Then the general probability of no-failure operation for k-th element [2, 12, 17] :
where т k , s k ,λ are the varying parameters; x is the running time. The probability of no-failure operation is a function of several variables т k , s k , λ k , which are statistical parameters and characterize properties of an element and conditions of its operation.
Different variations of т k , s k and λ k change probabilistic and statistical characteristics of failures of a traction electric motor relatively to zero and to each other.
An analysis of properties of т k , s k and λ k indicates that they are random values distributed at certain intervals. This assumption of the randomness of parameters is obvious, since elements and real operating conditions differ from each other.
Let us suppose that the random variable xm k is distrusted on the segment ; . xλ → λ of one variance s. The task of determination of the probability P x of no-failure operation of a traction electric motor at random statistical change in probabilistic characteristics arises.
Let us assume that P x =P k (t, т k , s k , λ k ) is the probability value of a no-failure operation of the k-th element at a given t and with the reliability value of parameters (т k , s k , λ k ), which is equal to the mathematical expectation of random variables xm k , xs k , xλ k . Then, for the accepted conditions of independence of failures, the reliability of a unit or machine as a whole is equal to the product of the probability of no-failure of elements. Let us accept t as a fixed value and parameters (т k , s k , λ k ) as variables, values of which are in intervals:
; .
If P xm is a function of the probability of a no-failure operation of an element with m k equal to xm and other statistical parameters equal to the mathematical expectation, then we accept the same conditions for k P xs and k P λs . Values of partial influence of elements on a system in dependence on levels of parameters of reliability characteristics:
Let us introduce a new function, which depends on statistical parameters:
it characterizes a relative change in the probability of no-failure operation of the system ΔP with the absolute change in statistical parameters (т k , s k , λ k ). The ΔP function is given in the space 3n -measurements, where n is the number of elements of the system. The value of this function is always greater than zero [2, 22] . When a part of the range is set ε> 0, the condition 0<ΔP(t)<ε is satisfied for the function ΔP(t). In this case, the inverse problem of finding of the part of those range of the set of the function arises, and the change in the random variables xm k , xs k , xλ k does not lead to a more relative change in the probability of no-failure operation of the system. The range of admissible values xm k , xs k , xλ k if ΔP(t)<ε must change when t is changing.
The solution of both the direct and the inverse problem, in an explicit analytical form, is impossible due to the large number of elements of the traction electric motor and complex statistical dependences of parameters on operating conditions. However, derivative solutions for specific values ε, t, т k , s k , λ k may be obtained using computer software.
Values of the parameters т k , s k , λ k , as well as limits of the values
 of the laws of their changes and the calculation formulas are obtained when entering to data bank. A random number generator in a given range generates a value of xm k , xs k , xλ k in a given range, and finally is getting calculated by the formulas P(t) and ΔP(t) for some fixed t (for example, at t equal to the resource of a machine). Fig. 4 presents graphical dependences that characterize reliability of the elements taking into account time and quantitative characteristics.
Estimates of parameters for various laws of strength of distribution density make possible to determine quantitative characteristics of sudden and parametric failures of wear of parts of an electric motor.
Graphical dependences of reliability of parts of traction electric motors (Fig. 5, 6 ), which are constructed on the basis of data of operation, diagnostic methods, and forecasting, are presented as a comparison with the statistical data ( Table 3 and Fig. 2, 3) . 
Resources of parts of a traction electric motor are significantly different from each other as studies showed. As a result, some parts, which outperform the set running time for repair or replacement, have almost no failures at the given interval and, as a consequence, depends on the distribution law. If one assumes that we know the law of failures distribution and its parameters -N{t; T; s}, and the running time is set for the repair or repair of a part, the probability that a part will operate more than a given value will be equal to:
where f(x) is the distribution density. Thus, a data bank is formed on the basis of theoretical positions and the analysis of probabilistic and statistical characteristics of system elements. Its replenishment will contribute to a realization of the task of obtaining of estimates of the reliability of traction electric motors and ensuring of no-failure operation. In the future, such a solution opens opportunities for the development of an automated diagnostic process.
Discussion of results of theoretical and experimental studies into parameters of traction electric motors during operation
On the basis of updated structural and functional schemes of a traction electric motor, taking into account connections between other elements and subsystems, we obtained their models [2, 12, 17] . They make possible to describe the reliability of the entire electric motor as an electrotechnical functional system analytically and obtain a mathematical model (14) of the probability of its failure in general.
The obtained models of subsystems of elements of traction electric motors make it possible to describe the reliability of any system analytically. Based on previously assumed assumptions: a failure of any of subsystems results in the failure of traction electric motors and, after corresponding transformations, it is possible to obtain a model of the probability of failure for any system also:
where { } ( ) ( ) j Q E T is a probability of failure of the j-th subsystem [2, 12, 17] .
A number of failures significantly decreases in the interval 0-t at greater probabilities Q. The flow of failures in a given interval can be considered as stationary at certain values, and this satisfies requirements of the Poisson flow. Then, we can obtain the model of the probability of failure in the interval 0-t if to substitute the expression (13) for f(x) and after integration of the left and right sides:
If the expression does not take into account a number of system elements, then the method of determination of the number of failures, which takes into account the total number of N elements that are in use, can be used.
In this case, the elements must satisfy the following other requirements. Let us assume that t is the number of failures for time Т av for N operating identical elements. Then:
In expression (16) , the left side is found empirically. We find logarithm for the expression (16) and obtain: ln 1 .
From the expression (17), we find failure rate λ:
Then, we substitute (18) to (15) , and obtain:
If т is the number of failures for time t for N operating elements: 
After conversion, we have:
Thus, the determination of mechanisms for obtaining parameters of the reliability of a traction electric motor depends on conditions of its operation and a number of failures of elements in service. Therefore, various methods are used to increase the performance of traction electric motors and reliability during operation. The set of positive conditions reflects the reliability of rolling stock as a whole.
Conclusions
1. According to the results of the processing of statistical information of enterprises of electric transport and analysis of conditions of operation of systems and units of rolling stock, we found that electrical equipment has a dynamics of failure growth. We established that failures of traction electric motors make up 20 % of all electrical equipment failures. We analyzed conditions of operation of traction electric motors and estimated their reliability.
2. The study of probabilistic and statistical characteristics of the functions of the distribution density of traction electric motors failure shows that some failures are approximated by an asymmetric distribution. In this regard, it is advisable to use a truncated normal distribution function N N{t; T; s}, which will make possible tp increase the adequacy of models. We established that the number of failures in the interval 0-t1 decreases significantly for large probability Q. We can consider the flow of failures in this interval as stationary for certain values.
3. We proposed a mathematical model for reliability evaluation (14) , which, unlike existing models, is based on the system analysis of the probabilities of failure of subsystems, which are subjected to diagnosis (brush-holding unit, stator, anchor, collector), on a base of structural and functional diagrams of traction electric motor elements. It makes possible to determine parameters of various elements of traction electric motors during operation. The model differs qualitatively from the existing ones by taking into account structural and electromagnetic characteristics and gibes possibility to optimize parameters of different units in relation to the requirements of the system of planned and preventive repair, when traction motors developed a given resource and continue to operate.
It is possible to estimate parameters of the reliability of traction electric motor of any type according to the results of the study and the above calculations.
